Abstract
Background
Dynamic renal scintigraphy provides qualitative and quantitative data on a global radiopharmaceutical uptake function of each kidney and transport function through urinary tract. It does not, however, allow to evaluate a regional parenchyma dysfunction with accuracy close to that of a static renal scintigraphy, especially acquired with a SPECT study.
Parametric images obtained from radionuclide studies provide images of regional distribution of parameters specific for organ function. First parametric images of renal clearance function were generated by Oppenheim et al. [1] and Szabo et al. [2] . The method used in our department for generation of such images based on Rutland-Patlak analysis method [3] was presented earlier [4] .
The objective of the work was to find out whether clearance parametric images enhance diagnostic power of a dynamic renal scintigraphy with detection of local kidney dysfunction. We accepted kidneys after extracorporeal shock wave lithotripsy (ESWL) as a proper model for implementation of this objective because of proven earlier damaging effect of a shock wave on renal parenchyma and known region of ESWL application. After many years of therapeutic application of ESWL its traumatic side effect on renal parenchyma is apparent. Histological examinations revealed damages to nephrons and also small and medium arteries around Original a focus of ultrasound wave [5, 6] . Diagnostic imaging performed shortly after ESWL revealed hematoma or acute intrarenal edema [7, 8] . It is believed that an oxidative stress resulting from tissue hypoperfusion is followed by a local inflammatory reaction -lithotripsy nephritis [9] . Transient functional damage after ESWL may also involve a whole kidney [10, 11] .
Material and methods

Subjects
In order to provide a material homogeneity in accordance with an accepted model, a study material was selected from among patients referred to our department with indication to assess renal damage and patency of urinary tract, before and after ESWL treatment. An ESWL intervention was performed using a Siemens Lithostar Modularis Vario device, with application of a 60-120 s -1 frequency shock wave and 2000-4500 impulses emitting a total energy of 50J. The study was approved by the Medical University Bioethics Committee and all the subjects signed a written informed consent. Patients with a single, one-sided nephrolithiasis that was not treated earlier, with renal calculus in the range between 8 and 20 mm (in accordance with recommendations of European Association of Urology) were qualified for the study material. Previous surgical treatment of urinary system, nephrolithiasis causing urinary tract blockage, renal malformations, urinary infections, ureter catheters, nephrostomy and other diseases affecting renal function, like diabetes, systemic diseases and hypertension, were considered as factors excluding from this study. Patients with urinary tract blockage revealed after ESWL in ultrasonographic study before a radionuclide control examination were also excluded from the studied material. In effect, 40 patients (23 males and 17 females) at the age of 37 to 70 (mean value 54) years underwent a study.
Altogether 40 kidneys after ESWL were evaluated. In 25 of them a calculus was located in a calix (in 12 in upper, 3 -medium and 10 -lower) and in 15 kidneys -in pelvis.
Data acquisition
A dynamic renal scintigraphy was performed three times: before ESWL, a week and a month after this therapeutic intervention, with a Nucline AP camera (Mediso Medical Imaging Systems) equipped with a low energy general purpose collimator. Dynamic acquisition in posterior projection was performed after intravenous injection of 111 MBq of Tc-etylenedicysteine (EC). Patients drank 10 ml of water per kilogram of body mass to attain a proper hydration before radiopharmaceutical injection. As a result a sequence of sixty 20-second images in a 64 x 64 matrix with zoom equal to 1.5 were obtained.
Data analysis
Time-activity curves were generated from both kidneys, heart and extra-renal background between both kidneys.
A conventional evaluation a global function of each kidney was performed using a summed image (SUM) of 40 to 140 seconds of a study, after a standard background correction, complemented with quantitative parameters reflecting this function: a split function (SF) and transit times obtained after deconvolution of renal curves: mean (MTT), through a whole kidney and parenchymal (PTT) [12, 13] . Deconvolution of curves was performed using a matrix algorithm.
Additionally, based on images acquired in dynamic renal scintigraphy between 40 and 140 s of a study, parametric clearance images (PAR) were also generated using an in-house developed software [4] applying a Rutland-Patlak analysis method [3] .
For this purpose, renal curves were determined for every pixel making use of the following equation:
where R i,j (t) denotes time -activity curve obtained from every pixel of a kidney region of interest; i, j are numbers of row and column in an image matrix; P(t) defines changes of activity in blood (taken from ROI over a heart); is a cumulative activity that has flown through a heart from the moment of injection to time point t, K i,j stands for a coefficient proportional to a regional functional efficiency of a kidney (regional clearance value), F i,j P(t) denotes counts from vascular activity and t < t max , where t max is a time point when a radiopharmaceutical begins its outflow from a kidney.
Dividing both sides of Eq. (1) by P(t), gives following equation:
where K i,j plays a role of a slope coefficient. Its values, proportional to regional renal clearance, were calculated from a linear part of a Rutland-Patlak plot (for all rows and columns) and formed a parametric clearance image.
This algorithm calculated, for every image pixel, a parameter proportional to a local value of renal clearance, was presented in shades of grey. In this way image presenting regional values of clearance function in every image pixel was obtained. A local impairment of this function could be observed in form of a shift of grey shade, proportional to its severity.
Radiopharmaceutical uptake in SUM images and a regional distribution of clearance function in PAR images were analyzed, after one smoothing, on a monitor in a grey scale by two experienced nuclear medicine specialists in three segments of each kidney: upper, medium and lower, and a final result was attained in the form of consensus. Image interpreters were blinded to the location of ESWL intervention.
Results of this analysis were grouped into two categories: 1. Normal (N) -without lesions of uptake/clearance function impairment; 2. Abnormal (AB) -with lesion(s) of uptake/clearance function impairment which was further subdivided into two categories with regard to abnormality extent: a. Kidneys with local (L) damage confined to one segment, b. Kidneys with diffused (D) damage in two adjacent segments or a whole organ.
Statistical analysis
Quantitative data were described by mean values and standard deviations, qualitative data -by frequencies of occurrence. Hypothesis about distributions of quantitative parameters of kidney function were tested by non-parametric methods -Mann-Whitney U test for independent groups and Wilcoxon test -for paired data (before and after ESWL).
Rij(t) = FijP(t) + Kij
Statistical significance was considered achieved for a value of p ≤ 0.05.
All the calculations were derived with Statistica 10.0 software.
Results
In dynamic renal scintigraphy performed before ESWL in none of 40 kidneys subject to later intervention functional defects in PAR and SUM images were detected (Figure 1) .
Local clearance function defects detected in PAR and SUM images were always observed in segments corresponding to location of calculus and ESWL target, although in several cases were more extensive. No local function defects located at sites incompatible with ESWL targets were detected. In a study performed a week after ESWL abnormal clearance function in PAR images was detected in 19 out of 40 (48%) kidneys after intervention. In 12 kidneys a local damage was detected in a segment (upper, medium or lower) where a calix with calculus subject to acoustic wave shock was located (in case of calculus in renal pelvis functional abnormalities were located in medium or lower segments) (Figure 2 ). In 7 kidneys impairment of clearance function in PAR images was diffused (D): in 4 kidneys, beside a segment of calculus location, it was also observed in adjacent segment (if a calculus was located in renal pelvis, medium and lower segments were affected) and in case of 3 kidneys whole organs (all 3 segments) were affected, probably in a mechanism or a renal stunning (Figure 3 ). Altogether lesions of functional impairment were detected in 29 out of 57 (51%) segments of these kidneys. In a study performed a month after ESWL abnormalities were detected in 16 out of 40 (40%) kidneys and they were less extensive. Local functional impairment confined to one segment was revealed in 15 kidneys and diffused -in 1 kidney (in 2 segments). Clearance function impairment in PAR images affected 17 out of 48 (35%) segments.
Radiopharmaceutical uptake function abnormalities detected in SUM images a week as well as a month after ESWL were detected in significantly lower numbers of kidneys as compared with PAR im- (Table 1 and Figure 4) . A global function of kidneys with abnormal PAR images obtained a week after EWSL, in which clearance function defects were observed in 51% (29/57) of segments, was significantly worse than a function of kidneys with normal PAR images. Mean RSF was significantly lower and MTT and PTT were significantly higher for abnormal kidneys than normal in PAR images (Tab. 2). However, in a study performed a month after ESWL, when clearance function defects were still observed, although only in 35% (17/48) of segments, global function parameters of kidneys with abnormal PAR were improved, their mean values already did not differ between kidneys with abnormal and normal PAR images.
Discussion
A typical dynamic radionuclide study shows a distribution and movement of a radiopharmaceutical through examined organ, thus revealing its function in a direct way. Additional processing of such a study allows to generate parametric images providing regional distribution of examined parameter, reflecting organ function in an indirect but more in-depth way.
Parametric images were introduced first by Adam and Geffers [14, 15] generating maps of several hemodynamic parameters of a heart. Parametric images are still considered a standard addition to a radionuclide ventriculography.
Articles on application of parametric images in detection of renal function impairment can be met only occasionally. Gordon et al. were the first ones to apply such dynamic renal study processing and prove its usefulness in detection of renal scarring [16] . Similar results were obtained in our department with additional high reproducibility of image grading [4] . Moreover, our study revealed that local impairment of renal function observed in parametric images may be an early symptom of nephropathy in type 1 diabetes [17] .
Works applying radionuclide methods in the assessment of functional consequences of lithotripsy are rare. Lechevaillier et al. [18] applied a static renal study ( 99m Tc-DMSA SPECT) for the evaluation of 12 kidneys before and 30 days after ESWL. They revealed minor tracer uptake defects around foci of post ultrasound shock wave sites. The same authors and also Lottman et al. [19] detected cases of renal scars after ESWL in adults as well as children. Using a dynamic renal scintigraphy and radionuclide methods for calculation of glomerular filtration rate (GFR) and effective renal plasma flow (ERPF) an impairment of global renal function directly after ESWL was observed that usually resolved subsequently.
A transient prolongation of mean and parenchymal transit times (MTT and PTT) after ESWL was shown amongst others by Eterovic et al. [10] , Ilgin et al. [20] and Bomanji et al. [21] . A reduction of split function was also demonstrated by Kande et al. [22] and Gupta et al. [23] . Transient reductions of GFR and ERPF values in kidneys after ESWL were also revealed [10, 11, 24] . 
Original
Only Konecki et al. [25] attempted to apply parametric clearance images in detection of regional function impairment in patients after ESWL. They analyzed 67 kidneys before therapy and in two control studies -a week and a month after the intervention. The first control study showed lesions of impaired clearance function in 40% of kidneys. In the second control study these areas were preserved in about ¼ of kidneys but were less severe.
In the present study, due to patient selection, PAR and SUM images of all 40 kidneys before ESWL were normal. We showed that one week as well as one month after therapeutic intervention PAR images revealed local impairments of renal function around foci of ultrasound shock wave in significantly more kidneys than SUM images (Table 1 ). An advantage of PAR over SUM images in detection of local renal dysfunction should be attributed to the fact that PAR images present on a pixel by pixel basis distribution of relative values of a quantitative clearance parameter, in other words the clearance of blood from a nephrotropic radiopharmaceutical, in small fragments of renal parenchyma.
Local defects of renal function in PAR images, detected one week after ESWL in 19 kidneys, were observed in about a half of all segments of those kidneys and were as extensive as to be reflected in the impairment of their global function. Mean values of SF, MTT and PTT were significantly worse than for the remaining kidneys with normal PAR images.
In studies performed a month after ESWL lesions of function impairment found in 16 kidneys in PAR images were less extensive (in 15 cases changes were only local and altogether included about 1 /3 of renal segments). Mean values of global functional parameters obtained for those kidneys (SF, MTT and PTT) did not differ significantly from values obtained for kidneys with normal PAR images. It appears that a local renal dysfunction detected in PAR images a month after ESWL was not severe enough to be reflected in values of conventional parameters describing global renal function.
Conclusions
Parametric renal clearance images enhance diagnostic potential of a dynamic renal scintigraphy with detection of local function defects. In studies performed a week and a month after ESWL parametric clearance images revealed more cases of local renal function impairment than images obtained by conventional summation. The reliability of parametric images obtained a week after ESWL was confirmed by significantly worse values of global renal function parameters. Parametric images obtained a month after ESWL still allowed to reveal in some kidneys less severe lesions of regional function impairment that were not reflected in parameters of renal global function.
